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1. INTRODUCTION—.

The behavior of a fluid undergoing a phase change from liquid to wpor

while flowing through a duct is of interest to engineers in mmy practical

situations. For the case of interest to us, gcothcnnal hot water flowing

through various channels (well bores, surface pipes, equipment, etc.) may

reach its flash point and choke point under appropriate conditions. The

proper design of energy conversion systems depends on the ability of the engi-

neer to preciict this behavior with an accoptablc degree of accuracy.

The present study was in part motiviltcd by tlic task of designing the blcw-

down, two-phase fluid flow test facility at Brown University [1]. In that faci-

lity, a refrigerant

ed stagnation stato

straigh~ tube. ‘the

(dichlorotctrafluorothuno or R-114) is boosted to a sclcct-

and allowed to flow through a nozzle orifice into il long

operation relics m :hc fluid hcing choked nt tl~c inlet sec-

tion. old umior certain circumstimccs, ilt the downstrcnm section as h’cll. A sim-

plo schematic of the test section is shown in Fig. 1,

This paper trcilts th~ problcm generically and anillytically, ~iikitl~ usc of

the basic liIws of fluid rncchimics und thcrmmlynamics. Specific calculations hilVC

bcon porfonncd using N-114 ii~ the flowing medium, NC uttcmpt to idclltiij’ i.ml dus-

crlbc UI1 pOSSll)10 flOW CUINJltlOll!! in illl(l duwnstrcilrn Ot’ thu 110s211! 1“01”illl poSSll)lc

stugnntion conditions.

2. LITIWTURK SURW:Y— — .—. . . . .

The sul)Jnct of CrltlCiil flows o!” two-ph:lsu rnlxturwi hilS l)L?Clitr!?iltd I)y U

Icirgc number of lIIVL!Sti}:iltOl”Sboth illl[ll)’tlL’illly id cxpcrimuntully, with cmphusls

on tho lilttCr md focused 011 prohlmns l’L’liltlll~ tl) the Opur:lt ion of nurlv:ir pok(’r

Stutlom,

A rocunt summury of such work wus NIVCII h)’ Ahuuf ut ill [JI, (:utno 1x1 rqmrtud..... ... .



on measurements of two-phase jets

loss-of-coola:t-accident (LOCA).

2

during transient flow as might occur du’:ing a

Giot [4] discusses methods of predicting the

pressure drops associated with two-phase flow through abrupt i!nlargements, con-

tractions, combinations of enlargements and contractions, sharp-edged orifices,

bends, tees and Y’s. Watscn et al [5] focused on the sharp-edged orifica and.—

devmloped semi-empirical

using water and steam in

for iow quality flows (x

correlations for pressure drop, quality and mass flow,

various combinations of pipe and orifice t,iameter, but

< 0,11). A freon boiling loop was used by Harshc et al.—

[6] to study pressure drop in a contraction-enlargement section. In their analy-

sis of the results, they allowed for slip between the phases everywhere in the

flow except at the vcna contracta where the flow was assumed to be homogeneous.

Certain cxpcrimentcrs have invostigatcd flows of two-component, two-phase

mixtures, typically air and liquid water; notable among such workers aro Dukler

ard co-workers [7], and Pctrick and Swanson [8]. The uppllcabillty of results

obtained on two-cornponcnt systems to one-component systems rcmuins an open qum-

tion owing to the luck of complctc tllcrmodynami~ ~imilarity between the two C:U4CS.

It. is felt thut the lutcnt hcilt effects play ii crucial role in determining the bc-

hiivior of onc-componcut, two-phase flows. No such effect is present in two-

componcnt, tWC-lJtlilSCflows,

3, BASIC ASSUWI’1(N4SANl) I!Q[JATIONS—......—— .-— -.——

flulil, olthcr a liquid or u two-phtisc mixture,

thrullgll ill] orifice. ‘1’110orifice is modclvd il% ii smooth convcrginx IIOG21C, us shown

111Fig. J, Tilt! llOXGIQ1S Or il U!rtillli I(!ll#tll, thC CXlt I)lillll! Ot’ WlliCh is lilbCICLl

us 1 in the flgurc, The f’luld Is fcd to the no=:lu From il lurgc reservoir churac-

tcrlxl lJy curtnln Nt:ll:nntlm propcrtirs (Yt:ltv ()) sm’h :1!41)0, “1’(,, 11’1, so, vo, For

thl!! pnrt of tlw illllll)’Sl* WC focu$ 011 th control volurnc, l:V-1, I)L!lWK’CIIthe Stil~l\li-

tlO1l !4tiltC IInd 1111)’mrhltrury 10Ciltll)ll) 1, lllSldC the llo::l~,
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‘he assumptions are:

(1) The flow is horizontal.

(2) Thermal, mechanic-i, and chemical equilibrium exist between the liquid

and vapor phases of the flow.

(3) There is no slip between the

and the vapor phases are the

(4) The flow is one-dimensional,

the nozzle class-section and

(5) The flow is steady, i.e., at

phases, i.e., t!le velocity of the liquid

s amc.

i.e., the velocity is perpendicular to

uniform in each cross-section.

each point the fluid properties and

velocity do not vary ~ith time. Alternatively wo may imnginc that

small variations have been averaged out over the short time interval

associated wjth an actual mcasurcmcnt, and the scqucntiul mcasurcmcnts

are constant within the standard dcviatiun of this avcvaging process.

(6) Tho system is adiabatic, i.e., thero 1s no hcut trilnst%r bctwccn the

fluid and its surroundings.

(7) The effect of wall shear stress is ncgllgiblc.

‘mUs, th! flow proccs is iISSUIIICdto tilkc pliICC iscntropiciilly hctwc~’11 th~

stagnation stutc and any point inside the nozzle. Wc shall dCill Intur with the

situation that occurs when the fluid lCUVCS the nozzle and enter% the ~on~tiln.-

aren enlorgomont.

Wo now shall apply the :isuiIl conscrviltion lilws for cn~rgy und mass to the

fluid contained within control volu;fic (N-1, l~rom conscrvmtlon ot’ energy (First

Luw of thcrmodynurnics), wc obtain:
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The Second Liiw may be expressed simply as

s =s..
o 1

The mass flux, v, is defined by rearranging eq. (2) as follows:

lJl=tib~w/v=pw.

(3)

(4)

Finally the equation of state for the fluid is needed. This may be

expressed in general form as

f(S, h, v) = 0. (5)

lC turns out to bc convenient to define the following dimensionless

parumoters:

● Mitch number, M,

M = w/~,

● Rcfcrmcc Mach nurnhcr, i~;
*

hi ❑ w/:1 ,

● l~imcnsionlcss muss flux, .J;

.J = 11/$’ .

IN these ~~lllli~tion~, the term, n. 1s the choking VC1OCICY, iiillncl~,

[[1]

1/2
:)~1

[1 S
i); ,,

(!))
~. :

This qu:lntity is well.known for singlt*.philSC fluids, ild hils been CillCllltitLd

fur mlxturcs uf liquid id vupur hy VilriUlls people. il~COl”dlllN tO [1 no-slip

(or Ilomogunvous] flow mmlcl. Till)llliltd rrsu]ts ilr~ ilVilililbl~* !“or wutcr *111)-

st:llluL’, fi)l” CXillliIll C, in Ih’1”. [!]j , illd I“or R114 illd kntcr in I\C’I”.[lOJ, TIN

term, i.*, is th~’ vhohing vf’l~city ilt thL’ i“lilSll lM)lIlt, i.c, , Iudcr SiltllriltiOn

C(lll~itl[)l~S r~,;l~l]~~~lS{~IltrOl\iCill 1)’ from thL’ Stilglliltitlll StiltL’. ‘~hc 1~’rm, **.

(t))

(7)

(8)
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Simultaneously with a velocity just equal to the choking velocity, i.e., when

WE

4.

the

w* = a*, or M = ~= 1.

NOZZLEFLOWAS A FUNCTIONOF “B(MST”

The flow through the nozzle will hc dcscrihcd as a function of the “boost”--

exccss cnthalpy, i.e., stagnation cnthalpy minus the saturation cnthalpy for

an isentropic process starting from the stagnation state:

boost z ho(Po,so) - h’(so) (nil)
●

= v (s.) ~ ( P - I’*(S’,)} .
0

(llb)

In the description that follows, wc will assume “h:lt the fluid is choked

at the nozzle exit. Wc tlisccrn five cases of interest.

● (hsc 1: ho = ho” . Sce I:ig. 5(u)..—

‘ihc stagnation cnthillp~ is cquill to thilt value which ~ilus~s the fluid

to reach the choking velocity just as it rcuchcs the flilsh point. For this

special case, thu rcfcrcncc MiICh numhcr cquals unity; i.e.,

l~urthcrmoru, thu dimensionless muss flux is ;IISO cqu:ll to unity; i.u.,
●

.1 =-+=:+= 1. (13)

*

point ll~sidc thu 110:: Ic with il Slllm-riticoill velocity, illld thcll Colltllllws to
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accelerotc until it reaches the choking velocity as a two-phase mixture. The chok-

ing point must, of course, be at the end of the nozzle since the Mach number reaches

unity at that point and the mass flux is a maximum.

● Case 4: h- = h*. See Fig. 3(dl.

For this

fluid flashes

to start from

o —..

case the reservoir conditions are those of a saturated liquid so the

htmediately upon entering the noz:lc. Since the fluid is assumed

a stagnation state, i.e., W. = O, then the reference Mach number

starts from :cro, i.e., h~ = O. The fluid will choke as a two-phase mixture, as

soon as it reaches the lociIl choking velocity, a.

● Case 5: ho ~ h“. SC Fig. 3(c).

This case is similar to (hsc 4 cxccpt that the initial conditions consist

of a two-phase mixture at the stagnation state.

These five cases can bc visualized with the aid of the (v, w)-diagram Uiven

in Fig. 4. Ilcrc wc have plotted the muss flux versus the fluid velocity. The

steep strtiight line rcprcscnts purely liquid flow where the density is essentially

constant, i.e. ,

1,1❑ ,) 1; ‘:
f constnnt x w . [14)

Onc c:ln imngine il scqucncc of f“luid state points sturting from the origin ml pro-

cccdinl: up the liquid line until the flwih point is

is not choked, it can wntinuc from the flush point

onu of tlw brnnch curves until the choking point is

the muximurn in ;. This will signify the cnd of the

rc:ichcdm ,\s long as the fluid

:1S a two-phusc

rcachwl, it. ,

noz:lc for the

mixture along

unti 1 onc rc:lchcs

chosen conditions.

l~il~ll br:m.h curvu in Fig. 4 rcprcscnts :1 const:lnt ViilUC of Iloost or a pnrticulilr

St~glliltiOll L!llttlillIl~. “I%e entropy is constunt ;md qutil to so for illl proccsscs.

2 where the fluid

the fluid rcmalns n

smooth dlvcrging scc-

branch with increasing



Wlocity. That is, we muld need a

phase su~rsonic regime. A similar

branch curve, [3], CiLSo 1, where it

7

Dcl.aval no::lc to carry the fluid ~.nto the

conclusion can bc drawn for the next lower

two-

can bc seen that the

with M=l, ~=l,and w=w*. At this point the branch

tangent.

fluid flashes and chokes

curve has a horizontal

The remaining five branch curves, (4J-(81, all exhibit a maxims, i.e., a

point where the mass flux rcachcs its greatest value, namely, its choking mass

flux. lhc loci of these maxima trace the linr. M = 1. Physically rcali:ablc

flow states must proceed from the liquid line and up the rising portion of these

branches to the point where ?4 = 1; flms continuing down the descending portions

would vlolatc the equations of motion if the no::lr cxtcndcd beyond the point

where M = 1 with u dccrcasin~ cross-sectional arcn. Again a Ilcl-uval no:=lc would

bc required. Althol:yh it aay not hc obvious from the ::chcmatic dlqraa, Fig. 4,

the branch curve for ho = h* is tmgcnt to the Iinc ‘J ■ .ts at the origin, : = w ■ 0.

It 1s clctir from Fig. 3 that the fluw ncvd not bc choked in iill cases. As

long as the pressure at the cnd nf the no:: Ic, [’c, is grmtcr tnan the choking

pmmrc, 1’~, then chc flow will n~-t bc chokctl. I:or (21SCS 1 id 2, the unchokd

flow will reach the cxlt :Is a compressed liquid; fur C:IWW 4 id S, it will wmurgc

as a two-phase mixture; for cmc 3, if 1’ ~ I’*at, It will Icavc as a comprcsmlc.

Ilquhl, ml if I’%at > I’c > IIC,.

s. NO:ZLE PIWOIWWX CUIWIX——— — —— — ..

No::lu pcrformnncc curves

it will Icuvc in a two-phmc stutca

cm hc drilh’11 up from thr solution of L*cIS. [1-51

together with the ilpprupri:ltc choking vcloclty ml the definitions given in Lsqs,

(6-8). Thc ~thd IS ~triilght!’orwiircl. ni~ stagnatlm properties arc spucificd

for a given workinl: fluid. !iucccssivc values of cnthtilpy, hi, arc svlrctud; vclo-

Clty values, ‘i, arc then found froa Cq. (Il. “IIWspur lfic \’OllMC. V, Cilll IW fl~lllld

USiltg -S. [,i) and (S), and the llliiSS flux, , , is tllt~n c:llclllatcd t“rumq. [4). “111(”

choking velocity, “i , is found for the srlcctml tmluid conditions from cq. (!]) or
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Refs. [9] or [10], and the velocity, w, is compared with

chosen state is subcritical, critical, or supercritical.

it to see whether the

Detailed calculations have been carried out for refrigerant-114 (R114), and

the results are shown in Fig. 5. The coordinates are similar to those used in

the illustrative diagram, Fig. 4, except that they have been made dimensionless:

the ordinate is the dimensionless mass flux, J, and the abscissa is the reference

Nach number, fi.

The diagram shows performance curves for the following values of the para-

meters:
●

% = 3734.4 kg/(s.m2),
v

a* = 2.56 In/s,

h* = 24.654 kJ/kg,

and ,.I* = “r. = 2s0(:,

(lnc will notice thut the constunt boost Iincs :irc actually plottd as lines of

h - h* = constunt in accul”dilll~c with the dcfinjtion given in eq. (ha).
o

Also

shown ilrL! sovl”r:ll lines of constznt Milch nurnbcr, constant quality, constant values

of V/\’ ., illhl constunt
t ;;r where fi~~ is the diffcrcncc between the flush tempcruturc

and the louill fluid tcmpcrtilure. /\ pilir of ~uxiliilry curves at T* = 20”C and 300C

arc also inuludul to show the ot”t.cct of changes in stagnation tcmpcraturc. Those

ilrL’ ShOWll ilS hrukun illld tlaShLxl ] incs, rcspcctivcly,

b. S()::lil: IJI,OKFoil \’A10’ls(; ll,\(:K- 1’l{l:ssllltl:-. .... ..— . . . -- -— — . .. - . ... - . -_ - -- ......

t:or this pilrt 0!” our Study WC’shun t:lkc thu reservoir or Stil~lliltlOll conditions

us fixed, illld LsiKil:flill C till’ l’ft” L’Ct 0( k“llilll~ l’!+ in th~~ downstream Ilrcssurc, 1’~~ ilS

shown in I:ig. 2. Ill :1 prilC tiCill SL’II SC, this rcprcscnt$ the cosc of controlling the

flow from the rcsurvoir, tllroll~h the orifil.e, illld into thu pll)C, :1S i 1 lUStriltCd
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in Fig. 1, by setting the opening of the downstream control valve, i.e. , by

setting the pressure, P .
g

Before we tackle the problem quantitatively, let us first describe quali-

tatively the nature of the flow as a function of the pressure, P . It should be
g

understood that P2 is measured just downstream of tho point where the issuing jet

attaches itself to the wall. of the pipe, and corresponds to the placo where we

can once again treat the flow as one-dimensional. Since a free, turbulent jet

spreads with a roughly constant half-anglo of 13° [11] , this point may be closely

approximated in practice.

The pressure drop along tho pipo from station 2 to the control valve where

Pg is mcasurccl will depend on the nature of the flow bctwccn these points, c.g,,

liquid only, two-phase, etc. Wc shall not cnnsidcr this luttcr aspect of the

flow, but shail

The nature

ho g h9*, i.cm,

concentrate on the flow From state (1 to state 2,

of the flow dcponds on the amcunt of boost. Let us :lSSIUllC thtit

Cases (1) and (2). Sco Figs. 3(iL) and 3(b), Illitiillly SUppO!JC

that tho pressure is uniform throughout the systcm with 1)9 ■ 1’.. There will hc“

no flown This is CilSC 1 shown in Fign b(a). Wllc:l 1’2 is lowered to il value slight-

ly less than I’o, ((MC 1[), flow Will b@ll, The prussurc fulls through thu noz-

ZIC, and tho fluid lCUVCS the no:zlc with iiii cxlt velocity lCSS tlmn the choking

velocity, separates from the IIOZZ1O, OXpillMISIIS 11 t%cc jut, illld OttilChL!S it:;cli-

to the WU1l of the ::;rail;ht pipe. Pressure rccuvcry is lncomplutc durln~ the

cxpnnsion LN3CU11SC Of Clltl’Opy prnductlon ilSSOCliltCd With thu JL’t pi’(~CL’SS. “1’llu

pressure in the scpurutcd rcfiion, 1’ is Ctl(llll to thilt Ilt thl! UXlt pllklil!, 1’
s’ 1’

As 1’2 is luw’crcd thrthur, tllC 11111SS F1OW l’iltL! lllCrU{l:iUS :Llld tllU IIOXYIICSCXlt

pressure fulls (CiIsc III). At :1 pnrtimliir vnluc, ([Iil~C I\’), thr IIOSI-IU uxit

p]wsurc rcnchcs the suturut ion prc~surc for the }!lvrn stu}:ll~ltlon cunditlon::
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and the fluid flashes and chokes at the nozzle exit. We shall call this particular

back pressure P2C. As the jet immediately begins to axpand, the pressure increases

and the fluid returns to a compressed liquid condition. The details of that pro-

cess are beyond the scope of this analysis.

For values of P2 c P2C , (Case ‘1), a complex fluid process, consisting of

Prandtl-Meyer expansions, oblique and normal shock waves, oacurs in the highly

turbulent. jet. The process may even be reasonably isentropic for a short dis-

tance downstream of the exit plane of the nozzle. In Gny event,

cd in the state of the fluid at position 2.

In a similar fashion one may describe what takes place when
* *

we are interest-

the boost is

such that h“ < ho c h ‘, i.e., Case [3). See Fig. 3(c),
o

It ought to be mentioned,

however, til~t in practice ho’ is so C1OSC to h* that sLch n ~ondltion is very dif-

ficult to crcatc. This is a result of the extremely low choking velocities ~n-

countcrod :Ilong the saturutcd liquid line. ‘Iluis only a tiny boost is ncccssnry to

accclcrntc tho fluid to its choking velocity when it flashes.

Nzvcrthclcssl for such a condition, Cases I, 11, and 111, as shuwn Jn Fig. ti(a]

would upply here us wclln Scc 1, II, and

S(,rc, pq~, the pressure at the nozzle rxit~

:ml the fluid I’lashes,

p,s , thv fluid FIUSIICS

CXll[ld!i US il tWO-l)hil!tl!

but dOCS not choke

11 in Fig. 6(1)). At a certain back prcs-

rcochcs the

(hlsc [v’).

Lnsidc the nozzle, flows to the

Jot, Iml muy rocovcr sut’l”iciunt

suturatlon pressure, P = 1’
1 sat’

For 132 Allghtly less thun

cxlt us u two-phase rnixturc,

prossuro to rccondcllsc
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The similarity

for one-dimensional

ent.

7.

between Figs. 6(a) and 6(b) and the well-known analogous figure

compressible flow through a converging-diverging nozzle is appar-

ANALYSISOF FLOWDOWNSTREAMOF NGZZLEEXIT

We focufi

the nozzlo to

the pipe wall, and including the region of sepiirntcd flow.

now on the control volume CV-2 in Fig. 2, i.e., from the exit plane of

a point just downstrc~m of the point where the jet attaches itself to

The continuity equation gives

i ■ ‘1 ‘l’vl = w2 A2/v2 ,

where A is the exit area of the nozzle.
1

The energy equation mny bc written us

h ❑ hl + l/2w,2 ❑ h2 + l/2w22 .
0 1

flsa)

[151))

In writing the momentum equation wc must k carcl”ul to distinguish hctwccn tlw

IXSCS wllcrc the flow 1s choked or not choked ilt the IIOZZIC exit. As lw~ :1S tdw

flr~w is not choked t]lc pressure in the ~c])ilr~tcd region, IIS , will I)u cquiIl to the

pressure in the exit plunc of the nozzle, P1. Under chokccl condition, the pressure

in the oxlt plunc will not, in gcnoralj Ilc cqllill to Lhc pressure in tlw SCllilrUtCd

rCgLOllm They will bo cquul only for tho spccitil ~ii~~ when tk buck prcs$uro, 1}9 ,
.

is the maximum vuluc to producv CllOkUFJ COllLlltlOllS ilt StUtC 1. For Illly lowur I)ilcli

Iil(w, - WI) = P ~ A, + I’s(A., - Al) - P., A- ,-* (171

IM ion!: (M thu 1“1OW111 lllJ~ Chl)kd, 1’1 ilthl 1’ :trc id~llti~ill, Ulld wI.(L7) Iwcumcs.— ----- . .. s
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.
UI(W2 - Wl) = A2 0’1 - Pz) . (18)

When 1]2 is the maximum value possible under choked flow conditions, i.e., when

p2 = p2~, =~m (17) may bc written as

MC(W2- al) ❑ A2(pl - p2c) . (19)

i“or choked flow with my lower value of P2, P2 c P*c, the momentum equation is

mc(w2 - al) ❑ I’lc Al + P (A - Al) - 1)2 A2 .
S2

(20)

The cqunt!orr of stnte for a one-component pure substance, as before, is

given by

f(s, h, V) ■ (), (5)

As long as the flow is not choked, wc cnn combine qs. (15a] and (18) to-.

give t!lc following expression for PI in terms of 1)2:

us to CiilCtlliltC PI from :1 kl](~wll1}2 hwnuse thr spacit’ic volurnc v, is ii function
n

Ot’ I)(NII 1’, iilld s , the luttcr of which rcmiliil~ llIlkllt)W1l.
2

owing to the disslpntivc

SdlJllriltiUll prmcss, the Sccoml Luw rcquirhss

th~ I:lllld is Ill th! Illuiid Stiltl! ilt 1){’th s~’t:t ion I iilkl .!. Wu my Wrltr the. . . ... .

Ikrmll II ~’qmltlm l-or (N-1 Iwtwl’ml ::tutus O nnd 1:
2

‘1
I’t) = l’, + j-v.- .

1
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But since there is liquid at states 0, 1, and 2,

‘2 w ‘1 “ ‘o = constant’
~25)

mnd

P2 m (2~2 . 2= + l)P1 - 21(r-l)Po . (26)

Thus for this special case, Pl and P2 nrc lincmly relatccl, i.e., as long as the

flow is not chokod and 1s in the liquid stat$ at 0, 1, and 2.

Turning now to the ca;e of choked flow-, wc may combine cqs. (15), (16), und

(18] to obtGin the following cquution for tho pressure in tho soparntcd region:

-
f

A

p,5 ■ -L al
}l-r ( 1’2- rtl’lc + ~) + V2 11122.

Slrnllurly from uqs, (4) Id (15) WL’I’llIll

llml rrwm q, (17), w fllld

dh,, I~ -W2(W, .
. .
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dh2 = -#22 * z av dv (31)

Tho Gibbs equntion npplied to section 2 is

T2 ‘lg2 . dh, . V2 ~p2 ,
.

‘l’ho last two equations combino to form

2 dVm ■ -(T2/v2) dS2 .dp2 + $2 .

Tho loft-hand sido of cq.(33) 1s just the brackotod term in oq.(28); thus,

(33)

(34)

Slncc tko brackctod tom Ln oq.(~11) is nlwnys positive (O < r < 1 by dofinltion).

wo s90 that Ps and s, aro invorsoly rclntcd, i.e., tho pressure h tho separated
.

region can only dncronso whonover tho entropy at statu 2 incroasos,——..

Ifwo now VICWtho problom from the porspoctlvo of tho classic i:tinno-typo flow

prnblurn nlld Consider tho Worull control volunm consisting of the UnlOII of~v-1 Und

W-2P the onor~y cquution, oq. (1[1], muy ho comhlnod with tho continuity oquutlon,

WI.(8), to }’ICIIJ

(35)

!!, ‘ I“(II,, VJ). (ml 1.



In particular wc may find the solution curve for the

choked, i.e. , when fi ■ &c Is at its ❑aximum value, Under

My als~ determine tho appropriate back prossuro from tho

pressed Ln the fom

With

9uro

P2 = f(h2, S2).

this in hand, we

in tho soparutod

Thus we aro ablo

tho various procosscs

can return to oq,(27] and calculnto

region, P~ .

to construct a Mollior Uil.:ram (h,s

case when ti~o flow is

thoso conditions we

equation of stato cx-

(37)

tho correspondln~ pros-

coordinatos) to show

as well as a diagram of 1’~ versus 1.2. ‘IIICSOarc given schc-

mtic:~lly in l?i~s. 7 and 9, rcspoctlvoly.

I:igurc 7 shows the bohuvlor of tho system for chokod conditions at tho noz-

210 exit and for ho : Iio*m Thus tho flow chokos md flashes ut the exit of the

noz:lom Vnrlous brick prossurcs, 1’2, will produco sorrctipondlrlg stntcs 2 ulong the

Fnnno llno us cm bc #ocn,

bo obsorvcd tlmt tho flnul

(b] saturated Ilquld if 1)2

‘l’ho superscript l’sll refers

starting from Pa ■ P2C and for lower vuluus, ItW!llti

stntc 2 muy hc: (II) Comprwcd llquld If I’,c ‘ 1’4 ‘: P.,s;

■ pls; or (c) two-phusc, llquld und vmpor if 111 “: lI,q,- . -

tO thO coudltlon of ~lltlll’iltl~ll.

:Illd



16

The lowest back pressure possible at state 2P consistc-t with

of thonnodynamics, is P2 = P2C’
which represents the case when the

a second choke, nt the position 2,

the Second Law

flow experiences

A!though it

it Etly happen in

state within the

this occur it 1s

cannot be treated explicitly under our .ssmptlons, for Pa < P..
& &&

renllty that cxpanslon occurs in the jet from state 1 to some

two-phnsc region heforo tho “jumpl’ to the Fanno line, Should

possible that tho jump would involve the recondensation of a two-

phasu jet to a compressed liquid for a particular rnngo of back prossuros. Figure

8 illustrates this schematically, Wo show this ot”~”oct occurring over a range of

p; q p ,. p,sm
2. Noithcr l); nor the location of tho rccundcnsation point R can

hc calculutcd from our unalysis. It lH lntorcsting to noto that this offoct has

bocn ohscrvod cxpcrlmcntally in tho Brown University ‘fwo-l~hasc Test Fncility, As

a further noto, lt should Lc npprcciutcd that this type of “jump” is thcorctlcally

possihlc within our nx)dcl for stmgnut!on conditions h* ~ ho ~ 110* (CUSO(3), l~ig. 3(a)),

hut the oxtcnsion horn stutc 1 into the two-phusc roglon follcn.q un iscntropc,

Plgurc g ~iVOS tho rclutionsllip hctwcun tho pressure in tho Hcpilrtitcd rc#ion,

1)~, ilid thr l}[l~k prc~sure P~’ Sturtlng from IILI-F1OWconditions ilt puint 0, P,

FIIIIH 11111’ilrl)’ Wltb Pq acc-ordln~ to cq, (M] untl 1 the flow Is chokml ut thr nozslc
.
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It should be noted that P~ may ~xceed p2 before the flow is choked

at section 2. This occurs at point E in Fig. 9 for which w mny substitute

p2 ■ ps 9 p2E in eq. (27) to obtain
9 2

al- ‘2 *2 .
p2E”plc+~- r [39)

The solution of this equation along with the Farina line will ylchl P2E.

8. SIHIARY: RAME OF DOWNSTRMMCOND1TIONSI:OR GIWN UPSTRMM CONII1lIONS—.——

In order to doscribo the possiblo conditions that my bc ~chloved down-

stream of the expandln~ jot (i,o., ut stntiun 2;, At is essentiul to keep tho

following questions h mind:

● Is the flow at tho n~zzle exit dlokcd or nnt~

● What 1s the sta~natlon onthalpy (or boost) rclttlve ‘o the

quantities :10* and h*?

● Whut 1s the rolutlvc ma~nitudc of the prcswruH P2C and P ‘?
2

● What Is tho actu[tl hwnstrcnm prcssuro 1’7 rolutlvc to 1’ :Illd 1’
2C 2s’~

Depending on the unswcrs to those questions, thu stntc IJF thu I“luld tit

locutlon 2 may 1)0 :1 tomprcssml llqultl, Hnturutud Iiqu;d, or :1 iwo-ph:isr mlxturr,

CAM I CIIOKI!IIFLOWAT NIE:I,I! 1:X1’!’: l’, :, I’,c ...—.- —’ ------------- - --- - . . ... . . . . . . . . . .

1, If I’,b’ “ 1’2:’, tht’n stulo 2 Wl!i hc:&

ilm L’umprcmd Ilqllld 11” I’,(m ‘ l’, ‘ 1’::’,
.

h ● SlltUriltLd Ilqllld 11’ 1’7 ❑ I’)N, or
* .

c . two-phuw mlxturc If P, . I’Jsm
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2. If P2C a P,s, then state 2 ctinnot bo a rumprcssed liquid, and stato

2 will bo:

a. saturated liquid if P2 ■ P.s, or*

b. two-phase mixture if P2 ~ P7S.

Cnsos 1. A. 1 and 2 aro dopictod in Fig. 10(a).

‘t-m lFh*S ho< h=’, then stato 1 is always a twa-l;haso mixture, and state 2

can only bc a compressed liquid providcdthc following th~-x! conditions are

❑ot:

1. P,c > 1’7s,

?-. P2S ~ r, < P,c d, arl.. .

3. h,s > h*.h

Ciwc I. B Is dcpictcd in I:ik. 10(b).

cm If h“ “: h*, state 2 cull novcr bu u compressed or saturntod liquld, und

only two-phase mixtures nro possiblo as ~tato 2, as can bc soon frmm

Fig, lll(c)m

(:AS!: 11 mow m cluii:l):v mm I:xl-r: r, z r2cm——.—. ‘ ---- . . .. . — . - m. . . - — —..— ..-

0, comprcsmkl liquld It” P, J 1)9s, or

b. sutur:irod Ilquld if 1’ = I’,s;.’ .

1 1 ,C “. l’,s,,, thrn *t:ltc J will ho:

“1,. rompruwiwkl Ilquid Ilml’, “ 1’7s,.
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Case 11. A is depictccl in Fig. n(a).

B. If h*c ho< ho’, then:

1. If state 1 is ~ompresscd or saturated liqulcl, the situation is the

same as for Case II. A.

2. If state 1 is a two-phase mixture, then:

o. IfP2c~ P2S, then state 2 must bc cornprcssd liquid;

b. If P2C = P*S, then state 2 will bc as dcscril>cd under

Case 11. A. 2;

c. If p c< p
2 ~s, then state 2 will bu as dcscrihcd under

Case 11. A. 3.

Case 11. B. 2 is dcpictcd in I:ig. 11(1)1.

c, If h“<h*, stiltc ~ call OIIIY bC a twO-philsc mixture, us shown in Fig, 11(c).

Once :Igillll WC wish tO cmph:lsi:c tllilt the Jostled lines connuctin~ stiltcs 1

to stiltcs 2 arc merely schcmfitic illld do nut rcprcscnt u well-dcfinud process,

Ilowevcr, the mct!~od descril~cd in this study dots illli)W the Uvl’rilll entropy ch;Ingr,

As ■ s, - s , to he cal~ulatwl usin~ the Fuct tlwt s. 1 1
❑ s

1)
illld L!(I. (3[)) .

g. Sllhll’l,n Iwsul;rs Fol: Iwlml(mmr 114.-— — ,—. — — —. .

A pro.:riim hii~ brcn written in

111’-8S Jcsktop computer to give thv

listing of the progrilm 1s ~lvcn In
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The relationship between the pressure in the stagnant region, P~ , and the

downstream pressure, P:, is given for a particular set of conditions

and in Fig. 12. With rcfercncc to Table 1, the Cour chosen examples

to the earlier cltcd cases as follows:

● Example 1: Case (b), Fig. 3

● Example 2: Cilsc (a], Fig. 3

● Example 3: Case (c), Fig. 3

● Example 4: Case (c), Fig. 3.

Examples 1 and 3 arc illustrntcd graphically in Fig. 12 where Ps and

normalized with respect to the stagnation pressure, P
0“

in Table 1

correspond

F2 have been
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TABLE 1

Relationship Between P~ and P2 for Refrigerant 114

for Orifice Diameter = 31.75 mmand Pipe Diameter = 50.8 mm

Example 1: To = 30°C, p. ■ 300 kpa, ~> 1

Fluid fiasl,;s and chokos at ~:

pl ■ Fs . ?5(J.~ol kpn

p2 . 273,804 kpa

P~/Po ■ 0.8333

P2;P0 = 0.9127.

● Fluid flushes at @ :

ps m 210.g~8 k]~~

“2
❑ 250.225 kl’a

P#o ■ 0.7032

P2/Po = 0.8341,

Iixnmplc 2: To ■ 30°C, 1)0 = 270 kl’:i, “M= 1

● Fluid flil~hcs illd ~hokcs ilt @ :

pi . p = 248.3 kl’u
s

132 ❑ 259.(1 kl”u

P*/l’o ■ ().!)2()

p2/po
■ 0.!)(12.

o● I:llllti flIl!ihCS ilt ~ :

I}q = 231,7 klli,
.

P2 ❑ 24!),3 kl’u

p/p.
❑ (),ti!ifi

.
p2/po = 0.!)23,

( Uont 11111(WI)
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TABLE 1 (continued)

Example 3: ‘r. = 3d°C, p. = 255 kl~a, ~ < 1

● Fluid flashes at @ :

PI . p~ . 2S0,008 kpa

pZ . 252,385 kpa

P~/Po = 0.9804

p2/po . 0,9897,

● Fluid flashes at @ :

PI = P m ~45m757
s

P2 ■ 250.032 kpa

P~/P ~ = 0.9638

p /p
20

m o,g~05,

kl)n

o● Fluid chokes at 1 :

pl m p E 242.019 M%
s

p2 = ❑ 247.IH7 kl’[i

p/p ,, = 0.!)s14

p2/po ❑ (), !)71g,

I: X:IIQC 4: ‘~. E 3(1”(:, 1) m 2(10 kl~ii, ~j . 1.—. . .. . . 1)

● I“lllld I.l[ISIIQN h~’1.oru I1OZ;1L! Qlltl’illlk!u.

● I“lllld t!hohcs (lt~ :

P, ~ I’w = 1S5.7 Iil’il

i~., u 173,5 ~p:l
..

P#,, H 0,7711

1’ ,/1’() m (),M7,
.
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“PO
P, = P,

use eq. (26

‘qc=P*a, R
0 I

/

Flow also ,q% ‘

#

choked at
/

Q*
section 2 /

/
~<p,

E,
P: 2

use eq, (27)

/r

/
0

/

/ I

and
~anno line

Flow Is choked ~
at nozzle exit

‘2C ‘2E F

BACK PRESSURE , P2

Flow
- not
choked

FIGURE 9, RELATIONSHIP BETWEEN IJRESSURE IN THE
SEPARATED REG1ON AND BPcK PRESSURES
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FIGURE 11, SUMMARY OF FLOW CONDITIONS WHEN FLOW IS NOT CHOKED AT NOZZLE EXIT,
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FIGURE 12, SAMPLE RESULTS FOR Mlfl.



APPUNDIX.— .

FLOWCALCULATIONPROGRAN

Coded in BASIC for use wit)l

Ilcwlctt I)nchrd hlmlcl 111’-8S computer

RF:JET

nd# to sat. conc!itlon ● t 2
I Tho numbers 1,2 ●nd 3 in b
rbc+ls corr~s~ond to flash ●

aint,cond. ● t 1 whm flow ● t

o
D:

IF UlSCl#13M”P” THE}I 240
IF U2$CI,IXU”S” THEII 24@ EL5
E Y(3)=uHL(Ul?C?3) Q Y(5>=UFt
L{U2$CZ3) Q 013? “WITI” @ G



-A2-

94Q

Colo ii6
IF P2=P@
=S(3(3> Q GO”
IF P2>PO<3)
N co
cola
IF P
cola
IF F
t)}l F
cola
IF P
e Y(s)=52(1) e coTo 2s0
IF PI=P1(2) THEN Y(3)=P9(2)
Q ‘f(5>=S0(2> @ COTCI 280

50
M3)r~H~~oP=P3 @ Y(S)

RND”02<P2(3) THE
ISUB 3310 ELZE 690
] 29@
~2(P8(3) THEIJ GOSUB 3770
) 290
~~ml THEN 72Q ELSE 950
:2 COTO 73@,82B,08@
) 1298
~lwpl(l) THE}I y(3)wp2(l)

iF P1>P1(l) THEti C~SUB 3510
ELSE 7a0
COTO 2e0
IF P1>P1(2> RND P1<P1(I) THE
N GOSUE 3S60 ELSE 090
GOTO 2S0
IF P1<PI(2) THEII GOSUB 3630
COTO 2s0
GOT13 1290
IF PI=PI(l) THEN Y(3)wP9(2)
u Y(S)=’30(2) e GOTO 2eo
IF P1>PI(l) THEII GOSIIB 3510
ELSE S6~
GoTo ~::o
1} PI(P1(I) THEN COSUB 3630
coTo 2.313

i}. *I

e Yf:
IF P1
EL’
Golo 2s0
IF PI<P1(2) THEII GOSI.IU 3630
COTi3 2Qil

1100

1110

1120
1130
1140
llse
1160

11?0

1100
1190
1200
1210
‘1220
1230
1240
t 2s0
1?60
1270
I 2ee

1290

1300

1310
1320
I 330
1340
13s0
1360

1370

1380
1390
1400
1410
14zn
1430

1440

1470
14Kn
1470

1490

I 49\)
I ~1)11
1510

1s20
15s0

1540

IF P1=P1<l) THEI! Y(3)=P2(I)
e Y(S)=S2(1) I? COTO 23G

IF P1>P1(l) THEH COSUB 3S10
ELSE 1130

COTO 2e0
IF P1<P1(l) THEtl CO.SUB 3569
GOTO 280
GOTO 1360

136~
Z(P2(3) THEN GOSUB

GOTO
GOTO
IF Pi

Y(s

TH

3770

1250

3630

3770

163U
00,1lvo

OH F2 COTO ‘;4@,330,2191J
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IF 1=23 THEti 1710
H-1-12 @ IF N<= THEti 16C10
MmN-d @ IF N<9 THEN 1690
NmN-7 Q IF N<12 THEII 16W
N-N-S Q IF N>l? THEN N=14
9N N GOSUB 20@@n16B0,1690nl
700m156e# 1770#17Bo#179e# lIW
o#ls20# le4e01060, 1ea0,19aM
DEF FNN(H) = FPCI#l@>*100N

.,

.
1610 I91O

1620

1630

1640

I Sao

1660
1s70

16B0

1920
I 930

1940

J9S9

1960

1970

I SBO

1990

2090

j~-FNN(4) THEN YC4)=FNH(YCZ

IF FMN(5) THEN Y(S)=FNS(Y(2

;: FHN(6) THEN Y(6)=FNU(Y(2
))
IF Y(l)<@ THEN 1440
IF Y(l>)l THEN 1439 ELSE RE
TURN

.. . . .- - . - - - -. ---- . .z>:ns~
Q GOSUB 1990 @ IF N THEN 1

6811 ELSE RETUPtt
Gmy(5) @ 9mFH3(y(2)) Q cmFN
S(Y(2)*,5) e R==NS(Y(2)-,S)

O GOSUB 1990 9 lF M THEN 1

16’30

1710

1750

10:0

I 0140
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4)x T+ LoG(T~z73*l )
2210 ! v(t)
2220 DEF F}IU1<T) = ((T*3,43SS654

E-11+3, 6S41033E-9)*T+ ,89000
119S772)41+6. 5Z9242079E-4

2230 I ComPrcssibilt!Y of li.~uid
2240 DEF FNV2(P) ■ l-.t30O0FI4336&

co~uB 437~
GOSUE 4210
o=Q2(3) Q cosup 40313
P9(3)=Yc3) e so(3)=Y(s) e
0(3)=Y(2)
p~.p@f3) Q GosllS 3a10
IF P=P1(3) TttEI! F1=2 Q P2
)Dp@(3) ~ S2(3>mS~<3) ELSL
2540
GOSUB 3420
PRINT TRE(lO) iC$jPl(3);S$ II

PRI}IT TftB(lO> ~DS)P2(3);SJ
Q GOSUB 3449
GOSUB 3450
PRINT TRB(lO) JCIS;P2(3)JSt @

GOSU8 3480 .“
GOTO 320
IF P(P1(3) THElt F1=3 Q
1(3) @ GOSUB 3S10 ELSE
P2<3)=P2 Q S2(3)=Y<S>
P2=Pm(3) e cctsI.IR 3e1ct
Pzmp Q GOSI!B 3~~Q
PRINT TRE(lJ3~J~fJPlfZ)

Pimp
2630

J~t @

PRINT Tt3C(10), DSiP2{3)iLJ-
9 GOSUE 3440
GOSUB 34s0
PRIliT TRE(lo) ~tItiP2’(3)JLt Q

GOSUG 3470
C02LIU 3.1s0
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fJDQ~(3) @ co~~lp 403~
P13(3)=Y(3) @ SB(3)=Y(5> @ T
0i3)=Y<2) Q P2=P9(3) e Gosu
B 38!0
IF P=Pi(3) THEII F1=2 @ P?(3
)mpIj(3) @ S~(3>mSB(3) ELSE
~g~g
plmpI(l) @ GoslJB 3510
P2(1)9P2 e s2t1)=Ycs> e cos
UB 3420
PRINT TRB(lO) JCSJPI(1))SS @

PRINT TRB(lOJ, OSJP2(1)JL?
Q PRINT F$
PRItlT TRD(lO) ;C8;P1(3))TS Q

PRINT TRB(lO) J13SIP2(3)JSS

PRINT 7AB(lB) #OY;PO(2);S#-
e GOSUB 3490

3140 COTO 3200
3150 IF L1>L THEN F2=3 @ COSUE 4

3160
3170

3180

300
plmpl<l) Q Gos
P2(I)=P2 Q S2(
Lle 3420
PRINT TR8t10)J

PRINT TRE(l@J
● PFINT FS
PRINT TfIB(lO)J

PRINT TH6(10)
Q G03UB 3490
GOSUE 3440

2S60

e COSUB 3440
cOSu~ 3460
PRINT TRB(19) JDSJP2(3)JSS @

GOSUB 34etl
GOTO 320
IF P<P1(3) THEl~ F1=3 @ PI=P
1(3) Q GOSUB 3S60 ELSE 3000
p2(3)mp2 Q s~(3>my(5) e pl~
Pl<l) @ GOSUB 3s10
P2(I)=P2 Q s2(1)=Y(s) e P2=
PO(3) a GOSUB ?s10
p~.p Q Cosufa 3420
PRINT TRB(lO) JC?iPl(l)JS# Q

PRIIIT TRB(lO) 40s~P2(1)1Ls
Q t-PItlT F$
PRItlT T13D(10) JCSJP1(3)JTJ R

PR1tlT TRB(lf3), 0SJP2(3)~LS
e COSUB 3440

“3190

3200
3210
3220

GOSUB 346Et

3230
3240
32S0

321S0

GO=UB 3460
PRltlT TRB(lO) ~DS)P2(3)Jlt @

Gosur3 3470
GosUB 3400
GOTO 320
IF P)Pi(3) TNEN Fl=l Q P2MP
1(3) e K=3 @ GI?SUB 3eGo
x2(3)=Y(I) e PI=P1<3) @ GOS

3320
3330
3340

GOTO
PRIN1

Tncl(o)
GOSUE 4
PRIIIT R
PRINT E

3010

3fi20
303U 33s0

3360
33?0

33C030C0
3U7LI

3nnn
3090 342@

UD 342LI



-A(i-

PRIfIT Q PRIIIT 7RB(11>JES e
PRINT ES @ RETURN
p:;~~R:fiB< 1@)iG$Jm1(3)l SS @

PRINT TflB(lG) JGSJPl(3>JTS Q
RETLIRII

PRINT FS @ PRINT TFiB(lC4)~CJ
1P31TS @ PRINT TRBClll)ID$iP
0(3)Js$ Q REIURN
PRINT Fs @ PRINT TRB(IO)JGS
JP4~Ts Q PRIHT TRBC113>JDSJP
2(4)ITs @ RETuRN
PRINT F$ R PRINT TRB(lO)ICS
JPI(3)JTS Q PPiNT TRB(iO)JD
SJP2<3)JTS @ PETURN
I **%~&S Subrwtin*s *8%z8S
wlmFN143(pl) @ Q=H18R1/(UO*R
2)
u2m~*V0 e P2=(10-3zPl-Qli(142
-MI))Z1O*3
Y(3)=P2 Q Y(i!)=Tl(l) Q 1=23

@ GfI~UB 1530
~ETuk,d

IF ’pi=biiii ’+tikil’ui=uiii$ ‘e
a.~~(z) e GOTU3599

Y(3>-P1 @ Y(s)=SJ3 @ I=L5 Q
COSLJR 1S30
M1=FNu(Y(4)) e tt=I.l!~fll/(Y(6

I
lF”piApi iij ’+kki4”uiLFhi4iHii
l)) e Q=ul*Ftlz~:ut(;)8F12) t
GOTO 36:0
IF P1)P1(I) THFtl UlmFtlW3(Pl
) @ 0=kl18fll,’(UO\R2) ~ GOTO

3740

3750
3760
3770
37w3
379@
3000

3B1O
3820
3B3@

3840
30s0
3860

3070

3080
3B90

3900

3910

2920
3930
3940

39s0

3960

3970

3900

3990
4000

4010
4020
4030

4n4n
40s11
4otio

40?0
4000
40!)11

4100

4!10

P2=(K1+K2)z2 @ R=<Rl+R2)/2
● GOSUB Z91a . .
GOTO 3760

I ,, . . . . . . . . . . . . . . . . . . . . . . .

U4-Q2(3)*W Q pmFN~(p2)
IF P2=P0(3) THEN 3S40
Y(3)=P2 O Y(2)=T0(3) @ 1=23

a C051JE 1530 ,
RETURN

Al=b-i”R2=i’~”k91kiik2i>2 ‘d
GOTO 3910

u2mQ*y(6) @ Jml@@oW(HQ-y(~)
)-u~n2.,~ e JmID(l~A~~J)
IF J=O THEN RETURN
IF J(Q THEN R2=R Q R=(R+R1)
/2 @ GOTO 3?10
IF J)@ THEN R1=R Q R=(R+R2)
02
Y(l)=R @ Y(3)=P2 Q 1=13 Q G
OSUB 1S30
GOTO 3B70

E~l-Pi~2)-Fl Q PCI(
2)=P2 Q S0(2)=’/(5) h RETLll(tl
IF L1>L THEN K1=P1 U GOTU 4
000
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4140 IF M=I THEN Tl<3)=Yt2> @ PI
(3)=Y(3> e Hlt3)=Y(4) Q WI(
3)_y(~) Q RETuP}I

4150 IF H>l THEN ‘i2=Y(2) Q H2=M
@ GCITO 4170

41613 IF M<I THEN TI=Y(2) e HI-H
-~ITO y(~>=(l-M2)t(Tl-T2 )/(111-f12)

+T2 @ Y(3>=S0 Q 1=25 II GOSU
B 15313

l*lo)Olo
4330 IF LI=L THEII PI(2)=PI @ PIl(

2)-Y(J) e SOi2:~’tt3> u RIITU
Rtl

4340 ~;oLl>L THEII KI=P1 @ GllTfl 4

4350 IF LI<L THEH K7=P1 Q coro 4
310
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